The current-perpendicular-to-plane ͑CPP͒ magnetotransport of a metallic sample sandwiched by two ideal leads is described at an ab initio level. The so-called ''active'' part of the system is either a trilayer consisting of two magnetic slabs of finite thickness separated by a nonmagnetic spacer or a multilayer formed by alternating magnetic and nonmagnetic layers. We use a transmission matrix formulation of the conductance based on surface Green's functions as formulated by means of the tight-binding linear muffin-tin orbital method. The formalism is extended to the case of lateral supercells with random arrangements of atoms of two types, which in turn allows to deal with specular and diffusive scattering on equal footing, and which is applicable also to the case of noncollinear alignments of the magnetization in the layers. Applications refer to fcc-based Co/Cu/Co͑001͒ trilayers and multilayers, considering in detail the effect of substitutional alloying in the spacer and in the magnetic layers, as well as interdiffusion at the interfaces.
I. INTRODUCTION
Transport in layered materials is subject of intensive theoretical investigations, in particular in view of the discovery of the giant magnetoresistance ͑GMR͒ in metallic multilayers. 1, 2 Various theoretical approaches for a freeelectron model or within a single-band tight-binding model have been proposed, based on the semiclassical Boltzmann equation or, alternatively, on a Kubo-Greenwood-type formulation with random point scatterers. A description of experimental and theoretical results can be found in a recent review article 3 ͑see also Ref. 4͒ . Up to now the GMR effect has been observed mostly in the diffusive transport regime in which the mean free path is much smaller than the dimension of the so-called ''active'' part of the multilayer system, i.e., the whole system with exception of the leads. Most of the measurements up to date were performed in the current-inplane ͑CIP͒ geometry; 1 the current-perpendicular-to-plane ͑CPP͒ geometry 2 seems to be experimentally more challenging. From a theoretical point of view CPP transport is interesting because of the obvious role played by interfaces, its close relation to tunneling across an insulator or vacuum, and because of its relation to a semiclassical view of ballistic transport. 5 The present theoretical understanding of the CPP transport has been reviewed in a recent paper, 6 including the transport in the ballistic regime. In this regime, in contrast to the diffusive regime, the mean free path is larger than the dimension of the active part of the multilayer system. Spindependent scattering at ideal interfaces between magnetic and nonmagnetic layers, the so-called intrinsic potential or specular scattering, is usually said to be the origin of the GMR in the ballistic regime. 5 In the diffusive regime the GMR is thought to originate from spin-dependent scattering off impurities in the bulk and/or at interfaces between the magnetic slabs and the spacer ͑extrinsic defects͒. It should be noted that in real multilayers also dislocations or stacking faults occur, and magnons and phonons can cause dynamical perturbations. A real multilayer system usually represents a mixture of both intrinsic and extrinsic defects.
Ab initio calculations of the GMR are still rather rare. We mention a Boltzmann-type approach developed for multilayer systems within the relaxation-time approximation, 7 which is limited to either weak scattering or very low concentration limits. Typically, the electronic structure of a three-dimensional periodic ͑infinite͒ multilayer system is determined, in particular the velocities at the Fermi surface. Then, in separate calculations, the spin-dependent relaxation time of bulk impurities is found and used to solve the ͑classical͒ Boltzmann equation. Clearly, the change of the superlattice band structure due to impurities is neglected, hence the above-mentioned limitations of the method. A solution of the Boltzmann equation for layered systems without the relaxation-time approximation has also been suggested. 8 Recently, ab initio calculations using a Kubo-Greenwood approach generalized to layered systems 9, 10 and applied to the CIP geometry have appeared. In here ͑substitutional͒ disorder is included within an inhomogeneous coherent potential approximation ͑CPA͒. This is an appropriate approach to deal with the influence of imperfections and to treat intrinsic and extrinsic scattering on equal footing. However, up to now in there the so-called vertex corrections with respect to the configurational average of the products of two single particle Green's functions are neglected, an approximation that seems to be more justified for the CIP geometry than for the CPP geometry. In principle, however, the abovementioned approaches can be used for both the CIP and CPP geometry.
An alternative theoretical approach based on nonequilibrium Green's functions or on a transmission matrix formalism ͑Landauer-type approach͒ can be used for the CPP transport. A useful review of these techniques based on the evaluation of the transmission matrix can be found in a recent monograph.
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It is the aim of this paper to formulate a surface Green's function ͑SGF͒ approach to CPP transport in magnetic mul-tilayers within the tight-binding linear muffin-tin orbital ͑TB-LMTO͒ method 12 and to extend it to the case of lateral twodimensional supercells with random occupation of lattice sites by two kinds of atoms. Our description thus allows us to treat specular and diffusive scattering on equal footing and on quantitative level, which is impossible in model calculations. This concerns, in particular, a detailed quantitative description of the electronic structure of the active part of the sample as well as of its leads. The usefulness of such an approach was recently illustrated for single-band 13, 14 and two-band 15 TB models while empirical multiband tightbinding ͑TB͒ models were limited to specular scatterings only. [15] [16] [17] [18] [19] We therefore present a systematic study of the combined effect of specular and diffusive scatterings in various part of the system, namely of substitutional alloying in the spacer, in the magnetic slabs, and at their interfaces. The applications discussed refer to Co/Cu/Co͑001͒-based trilayers. An important part of this study is also the development of a formal theory of the Landauer-Büttiker-type approach to layered system in the framework of the TB-LMTO method. The computational scheme developed scales linearly with the number of principal layers and its efficiency is further increased by evaluating the lead supercell SGF from the SGF of the original two-dimensional lattice by means of a lattice Fourier transformation. This makes it possible to apply the supercell approach on ab initio level to relatively large random supercells.
II. FORMALISM
Suppose the magnetic multilayer system consists of nonrandom semi-infinite left (L) and right (R) leads sandwiching a trilayer consisting of a left and a right magnetic slab of varying thickness separated by a nonmagnetic spacer of varying thickness. It should be noted that left and right leads and magnetic slabs can consist of different metals. A repetition consists of two bilayers each of them formed by nonmagnetic and magnetic layers such that a ferromagnetic and an antiferromagnetic configuration per repetition can be formed. A special case of a trilayer consists of nonrandom semi-infinite left and right magnetic leads sandwiching a nonmagnetic spacer.
In principle, atomic layers can be viewed in terms of n 1 ϫn 2 supercells (n 1 ϫn 2 two-dimensional complex lattice͒. In order to describe disorder ͑substitutional binary alloys͒ it is then necessary to average over different occupations of the sites within the supercell by the two constituents involved and, at the end, to check the dependence of conductances on the supercell size. The stacking of such random layers in the growth direction can be arbitrary. Quite clearly such an approach applies to disordered spacers and/or magnetic slabs as well as to disordered interfaces.
In the following we neglect possible layer and lattice relaxations in the system; all formulations are based on an infinite parent lattice.
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A. Electronic structure
Within a nonrelativistic approach the electronic structure of the system is described in terms of the following ͑orthogo-nal͒ TB-LMTO Hamiltonian:
where R is the site index, is the spin index (ϭ↑,↓), and the potential parameters C RL , ⌬ RL , and ␥ RL are diagonal matrices with respect to the angular momentum Lϭ(l m). The nonrandom screened structure constants matrix S RL,R Ј L Ј ␤ and the site-diagonal screening matrix ␤ R,LL Ј ϭ␤ L ␦ L,L Ј are spin independent. Assuming one and the same twodimensional translational symmetry in each atomic layer p, k ʈ projections can be defined, where k ʈ is a vector from the corresponding surface Brillouin zone ͑SBZ͒. In a principal layer formalism, 12 the screened structure constants S p,q ␤ are of block tridiagonal form. Neglecting layer relaxations they are given by
otherwise.
͑2͒
The properties of individual atoms occupying lattice sites are characterized by screened potential function matrices:
which are diagonal with respect to L. The potential functions assume the same value P p ␤, (z) for each site within a given atomic layer p for 1ϫ1 supercells, and, in principle, n 1 ϫn 2 different values P p,i ␤, (z) for n 1 ϫn 2 supercells.
B. Surface Green's function
Within the TB-LMTO approach the Green's function ͑GF͒ matrix G is given in terms of the auxiliary GF matrix g
namely as an infinite matrix with respect to the layer indices p,q. Assuming that the active part of the multilayer system consists of N layers and that the physical properties of all lead layers are identical, so-called embedding potentials ⌫ p ␤,12 can be defined, which for pϭ1 and pϭN are given by
where G X ␤, , XϭL,R, are the corresponding surface Green's functions ͑SGF's͒ of the ideal left and right leads.
The layer-diagonal blocks of the inverse of the auxiliary Green's function matrix can then be written as
͑6͒
while its off-diagonal blocks (1рp,qрN) are given by
0; otherwise.
͑7͒
It should be noted that Eqs. ͑5͒-͑7͒ only apply in the case of an infinite parent lattice ͑no layer relaxations͒. In this way the originally infinite matrix can easily be reduced to a finite matrix with the embedding potentials acting as boundary conditions. The block-tridiagonal form in Eq. ͑7͒ of the inverse of the Green's function allows to use efficient methods 12, 21 to determine any nonvanishing block of g p,q ␤, (k ʈ ,z). In particular, this applies to the blocks g 1,N ␤, (z),
␤, (z), and/or g N,N ␤, (z) which are needed to evaluate the GMR described in the next subsection. For further details concerning the TB-LMTO method for layered systems we refer the reader to a recent book. 12 In the case of two-dimensional n 1 ϫn 2 ͑lateral͒ supercells the above expressions remain formally the same, however, each quantity has to be replaced by a supermatrix labeled by the positions of the sites within a given supercell. In the case of binary substitutional alloys the corresponding potential functions are assumed to have only two different values for the two constituents involved, i.e., we neglect possible local environment effects and short-range order within a given supercell. It should be noted, however, that in principle for each chosen supercell all inequivalent potential functions ought to be determined self-consistently ͑see also Sec. III A͒.
C. Magnetotransport
As is shown in the Appendix, the conductance per interface atom can be expressed as
where N ʈ is the number of k ʈ points in the SBZ, E F is the Fermi energy, e is the electron charge, h is the Planck constant ͑the quantity 2e 2 /h is usually called the conductance quantum͒, and M ϭFM ͑AF͒ denotes the ferromagnetic ͑an-tiferromagnetic͒ configuration of the magnetizations in the magnetic slabs. Furthermore, the transmission coefficients T (k ʈ ,E) can be replaced by
where tr denotes the trace over angular momenta and sites per unit cell in a principal layer,
and z Ϯ ϭEϮi␦. In this formulation we have assumed a collinear spin structure, a generalization to noncollinear cases is given in Sec. II D. The magnetoresistance ratio is then defined as
where R M ϭ1/C M is the resistance per interface atom. It should be noted that the total transmittance is the sum of the transmission coefficients corresponding to all channels associated with a particular k ʈ . Therefore it may in general be a number larger than 1. The total number of channels ͑propa-gating and evanescent͒ is equal to the dimension of the matrices that enter Eq. ͑9͒. The number of propagating channels is k ʈ dependent. Similarly, the total reflectance may in general be a number larger than 1 because the evanescent modes, which do not contribute to transport, formally appear here as channels with a reflection coefficient equal to 1.
In the ͑supercell͒ ballistic transport the choice of layers 1 and N in Eq. ͑9͒ is arbitrary. Consequently, one can identify them by viewing the left ͑semi-infinite͒ system to consist of the left lead and NϪ1 layers in the active part of the system, i.e., by using a different partitioning of the inverse of the Green's function matrix in Eq. ͑6͒ ͑see the Appendix͒. This formulation gives identical results but has computational advantages and was therefore employed in numerical studies in the next section.
Until now we have assumed simple systems with one atom at t 0 in the two-dimensional elementary cell with translation vectors a 1 and a 2 . The corresponding basis vectors of the two-dimensional reciprocal space are b 1 and b 2 . Multilayers with disorder in the active region can be represented by finite supercells each containing n nonequivalent lattice sites occupied randomly by various atomic species. Let us assume that the supercell translation vectors are A 1 ϭn 1 a 1 and A 2 ϭn 2 a 2 (n 1 ϫn 2 supercell, nϭn 1 n 2 ). The basis vectors of the supercell reciprocal space are B 1 ϭb 1 /n 1 and B 2 ϭb 2 /n 2 . The positions of atoms in the supercell are t i ϭi 1 a 1 ϩi 2 a 2 ϩt 0 , where iϭ(i 1 ,i 2 ), 0рi i рn i Ϫ1. The reciprocal-lattice vectors Q j ϭ j 1 B 1 ϩ j 2 B 2 , where j ϭ( j 1 , j 2 ), map the original SBZ onto the supercell SBZ ͑SCSBZ͒ in the sense that for each k ʈ SBZ there exist just one q ʈ SCSBZ and just one Q j (0р j i рn i Ϫ1) such that k ʈ ϭq ʈ ϩQ j .
A generalization to supercells is easily achieved by substituting corresponding matrices by supermatrices labeled by individual atoms within a supercell. One can express the supercell ͑SC͒ SGF therefore in terms of the SGF of the original lattice as follows:
which significantly improves the efficiency of calculations.
D. Generalization to the noncollinear case
Magnetotransport in systems with noncollinearly aligned magnetizations of the magnetic slabs, e.g., the domain-wall magnetoresistance, requires to view the potential functions and the screened structure constants as 2ϫ2 supermatrices in spin space. A rotation of the spin orientation in one particular layer p by an angle p is then assumed to be with respect to the spin orientation of the topmost right magnetic layer of the active part of the system (ϭ0). Quite clearly, all translationally invariant atoms in a given plane of atoms have to have the same spin orientation. 20 The potential function in the local ͑rotated͒ coordinate system is block diagonal in spin space,
It can be expressed in the global coordinate system by the following similarity transformation
using the unitary rotation matrices U( ),
where cϭcos(/2), sϭsin(/2). The structure constants in the global coordinate system are block diagonal,
The corresponding Green's function can be now obtained using Eqs. ͑14͒ and ͑16͒.
III. RESULTS AND DISCUSSION
We have performed calculations for the following multilayer system:
where the number of atomic layers in the active part of the system is Nϭ2mϩs, and all calculations are based on a fcc Co͑001͒ parent lattice. For Co m /Cu s /Co m trilayers we have studied in the ballistic limit the dependence of the GMR on the thickness of the magnetic slabs m and the oscillatory behavior of the GMR with respect to the spacer thickness s. We then studied the effect of repeating a magnetic multilayer system by considering the case of Cu(001)/Co 5 Cu 5 Co 5 (Cu 5 Co 5 ) r /Cu(001), which for rϭ0 reduces to a simple trilayer. As an example for noncollinear arrangements, we assumed a model for transport through a domain wall by considering the system Co(001)/Co D /Co(001) with L ϭ0, R ϭ, and n ϭ(n)/D, where L , R , and n refer to the angles in Eq.
͑15͒ for the left semi-infinite system, the right semi-infinite system, and the nth layer in the active part of the system, respectively, and D denotes the thickness of the domain wall in monolayers ͑ML's͒.
The combined effect of intrinsic and extrinsic defects will be demonstrated for Co/Cu/Co-based trilayers, namely for: ͑i͒ interdiffused interfaces; ͑ii͒ a random spacer sandwiched by ideal magnetic slabs, and ͑iii͒ an ideal Cu spacer sandwiched by alloyed magnetic slabs.
A. Numerical implementation
Layer-wise substitutional alloys A 1Ϫx B x are simulated by randomly occupying a chosen ͑in-plane͒ supercell with A and B atoms, such that their ratio corresponds to the overall concentration x. The random configurations were generated using the RM48 random number generator 22 and the binary correlation function was evaluated to test the ''randomness'' of each generated configuration. We have used 5ϫ5 and 7ϫ7 supercells corresponding roughly to a A 85 B 15 
In all cases ͑typically an average over five configurations for a 5ϫ5 supercell and an average over three configurations for a 7ϫ7 supercell were calculated͒ the results for the partial currents agreed within 1-3 % with each other, the agreement being better for larger supercells.
In principle, one should use self-consistent potential parameters corresponding to each configuration chosen and each size of supercell assumed. However, since such an approach is numerically prohibitive we have used selfconsistent CPA potential parameters determined for a given alloy composition 12 also in the present supercell calculations. It should be noted that the same parameters were employed for various random configurations and different supercell sizes. We have thus neglected all possible fluctuations of the potential parameters due to a variation of the local environment and assumed that the potential parameters take only two values, namely the same for any A and B atom within a supercell. For cases of a 2ϫ2 supercell ͑simulating A 75 B 25 alloys͒ and a 3ϫ3 supercell ͑simulating A 89 B 11 alloys͒ we found that the fluctuations of the calculated potential parameters for A and B atoms for different random configurations from those obtained self-consistently using the CPA are quite small ͑of the order of a few percent͒. The potential parameters were determined self-consistently for each type of interface occurring in the system. Furthermore, we have neglected the weak layer dependence of the potential parameters close to the interface and used their bulklike values.
The k ʈ integration covers 10 000 points in the full fcc ͑001͒ SBZ ͑400 or 196 points in the corresponding 5ϫ5 or 7ϫ7 supercell SBZ͒. In some cases, e.g., for the study of the oscillatory behavior of the GMR as a function of the spacer thickness, a much higher number of k ʈ points was used to obtain well converged results. In all cases we have employed ͉Im z Ϯ ͉ϭ10 Ϫ7 Ry. It should be noted that for a 1ϫ1 supercell one can integrate over the irreducible part of the SBZ while for random supercells the k ʈ integration has to be extended to the full supercell SBZ.
B. Ballistic transport
We shall start our discussion by a remark concerning some general features of the electronic structure of Cu bands and of Co spin-up (↑) and Co spin-down (↓) bands at the Fermi energy of Cu leads. It should be noted that by ''bands'' we mean the bands of the three-dimensional periodic bulk systems fcc Cu and fcc Co. Since the Cu and the Co↑ bands are very similar, they introduce only a very weak intrinsic scattering at the Cu/Co interface. Consequently, the transmission of ↑ electrons for a ferromagnetic alignment of the magnetizations ͓and hence also the corresponding conductance, see Eq. ͑9͔͒ through the Co/Cu interfaces is large. As the large difference between the Cu and Co↓ bands can be viewed as an effective potential barrier at the interface for ↓ electrons, this in turn gives rise to much smaller FM↓ and AF conductances. It should be noted that in here we study only symmetrical trilayers implying identical values for the spin-up and spin-down conductances in the AF configuration. Finally, partial conductances in the ballistic regime, namely spin-up and spin-down conductances for the FM and AF configurations are independent of the sample thickness, with exception of possible quantum-size oscillations ͑see below͒.
Dependence on the thickness of magnetic slabs
The dependence of the GMR of ideal Co m /Cu 5 /Co m trilayers on the thickness of the magnetic slabs m is presented in Fig. 1 . The most remarkable feature is a strong suppression of the GMR ͓Fig. 1͑a͔͒ for small thicknesses and a saturation at about 100% at large thicknesses. As can be seen from the partial conductances shown in Fig. 1͑b͒ the oscillatory behavior of the magnetoresistance in Fig. 1͑a͒ is caused by the oscillatory behavior of the FM↓ and AF conductances. Similar oscillations are also seen in the simpler case of a single Co slab of varying thickness embedded into the Cu host ͓empty symbols in Fig. 1͑b͔͒ . It should be noted that the GMR of finite Co slabs never reaches the limit of semi-infinite Co slabs since the ballistic conductances of Cu leads in the case of finite Co slabs are different from those of Co leads in the case of semi-infinite Co leads. The mentioned suppression of the GMR is quite likely due to an effective potential barrier in the d↓ channel because of the abovementioned large difference between the Cu-and Co↓ bands: a narrower magnetic slab allows for a larger transmission of electrons in the FM↓ and both AF channels. Consequently, the total AF conductance increases faster than the total FM conductance and hence the GMR ratio drops ͑see also Ref.
19͒.
Dependence on the thickness of the spacer
The effect of quantum current oscillations was studied by Mathon 17 using an empirical multiband TB model within a Kubo-Landauer-type approach by considering the dependence of the GMR on the thickness of the spacer. In Fig. 2 we present such a study for Co 5 /Cu s /Co 5 trilayers with varying spacer thickness s. We clearly observe pronounced GMR oscillations ͓Fig. 2͑a͔͒ around a value of about 115% which are damped with increasing spacer thickness. A clearer picture is obtained by looking at the partial conductances. From  Fig. 2͑b͒ it can be seen that the oscillatory behavior originates mostly from the FM↓ conductance whose amplitudes are much larger than those of the AF conductance, while the FM↑ conductance is essentially thickness independent. We observe oscillations with a period of about 5-6 ML's for the FM↓ and AF conductance and, in addition, some admixture of short-period oscillations with a period of about 2.5 ML's is seen for the FM↓ conductance. These periods correlate reasonably well with similar values obtained for the interlayer exchange coupling using the same electronic structure model ͑see, e.g., Ref. 23͒. The amplitudes are roughly damped as s Ϫ1 , where s is the spacer thickness. sandwiching the system by semi-infinite Cu leads. The chosen spacer thickness of 5 Cu ML's corresponds to the AF exchange coupling regime in the trilayer Co 5 Cu 5 Co 5 ͑see Ref. 23 for an evaluation of the interlayer exchange coupling within the present model͒. Figure 3 shows the GMR as a function of the number of repetitions r ͑each repetition amounts to 20 atomic layers͒ whereby rϭ0 corresponds to the reference trilayer. We observe a rather rapid formation of a saturation value ͑approximately twice as big as the value for a trilayer͒ within about five repetitions, the oscillations about the saturation value being very small. These features are in a good agreement with those in Ref. 24 . In particular, it is obvious from Fig. 3͑b͒ that the increase of the GMR with the number of repetitions can be related to a corresponding decrease in the AF conductance.
Domain-wall magnetoresistance
The problem of a domain-wall magnetoresistance ͑DWMR͒ was addressed recently using model 25, 26 as well as realistic 27 calculations. As an illustration for perpendicular electric transport in noncollinearly ordered structures in Fig.  4 a first study of the DWMR for domain walls of varying thickness is shown. In this model calculations we simply assume a linear variation of the layer-wise rotation angle n ϭ(n)/D within a domain wall of the thickness D. As can be seen from this figure a large DWMR is only obtained for domain-wall thicknesses of atomic scale ͑so-called constrictions 26, 28 ͒ while for thicker domain walls the DWMR quickly drops to almost zero. By comparing these with the ferromagnetic conductance, it is obvious from Fig. 4͑b͒ that the conductance is decreased by the presence of domain walls. Finally, we mention that the conductance varies as D Ϫ1 , i.e., the resistance varies approximately linearly with the domain-wall thickness. All these results are in agreement with the conclusions in Ref. 27 . It should be noted, however, that further studies are needed, in particular including the effect of impurities, 25 but also considering more realistic variations of the layer-wise rotation angles n .
C. Combined ballistic and diffusive transport
In real systems, in addition to specular scattering at intrinsic defects ͑system interfaces͒ there is scattering at extrinsic defects, namely at impurities, stacking faults, dislocations, and there are even dynamical effects like scattering of electrons with phonons or magnons. In here we consider only substitutional impurities in the spacer, magnetic slabs, and at their interfaces in a reference system which consists of left and right semi-infinite Cu leads sandwiching two Co slabs, each 5 ML's thick, and separated by a Cu spacer of varying thickness ͑1-10 ML's͒. In general, disorder can cause the following effects: ͑i͒ an increase of the overall amount of scattering which in turn contributes to a reduction of the transmission probability; ͑ii͒ a violation of the strict conservation of the k ʈ vector belonging to the SBZ of leads can open new transmission channels which contribute to an increase of the conductance; ͑iii͒ interdiffusion smoothens the potential barrier in the ideal trilayer which in turn also leads to an increased transmission coefficient; and ͑iv͒ alloying in the magnetic layers can increase ͑decrease͒ the effective barrier for electrons at the Co/Cu interface and thus decrease ͑increase͒ the conductance in this channel. Therefore the net influence of disorder on the conductance results from a competition between all these effects and may lead to an increase or decrease of the conductance, depending on the system under consideration ͑see also Ref. 29͒.
Interface interdiffusion
The effect of disorder at the Co/Cu interfaces is shown in Fig. 5 . The interdiffused interface extends over two neighboring layers of compositions Co 85 Cu 15 ͑on the Co side͒ and Co 15 Cu 85 ͑on the Cu side͒. As can be seen the GMR decreases monotonically with the number of disordered interfaces, and disorder suppresses the oscillations present for ideal interfaces. Disorder influences the FM↑ conductance very weakly because the Cu bands are similar in shape to the Co↑ bands. The AF conductance, however, is much larger than the one for the ideal trilayer and origins of this effect were discussed above ͓see points ͑ii͒ and ͑iii͒ at the beginning of Sec. III C͔. Similar, but weaker effect, is observed also for FM↓ conductance. It could be concluded therefore that the decrease of the GMR is controlled by the increase of AF conductance due to the interface interdiffusion. It should be noted that partial conductances remain constant with the varying spacer thickness as the number of disordered layers does not change and possible quantum oscillations are damped by disorder.
Disorder in the spacer
The effect of alloying in the nonmagnetic spacer (Cu 85 Pd 15 and Cu 50 Pd 50 ) on the magnetoresistance is presented in Fig. 6 . We observe a monotonic decrease of the Cu leads as a function of the spacer thickness s: ͑a͒ magnetoresistance ratio ͑diamonds, ideal trilayer; up triangles ͑1͒, one of the inner interfaces is interdiffused; empty up triangles ͑2͒, both inner interfaces are interdiffused; down triangles ͑3͒, two inner and one of outer interfaces are interdiffused; empty down triangles ͑4͒, all four interfaces are interdiffused͒; ͑b͒ conductances per atom for the ferromagnetic ↑ spin ͑up triangles͒, ferromagnetic ↓ spin ͑down triangles͒, and antiferromagnetic configuration ͑diamonds͒. Full symbols refer to an ideal trilayer, empty symbols to a trilayer with all interfaces interdiffused.
GMR ratio as a function of the spacer thickness ͓Fig. 6͑a͔͒. The origin of this decrease can be traced from Fig. 6͑b͒ . It should be noted that in Cu-rich alloys the states at the Fermi energy are influenced only weakly by impurities. 30 Therefore, the FM↓ and AF conductances are only slightly smaller than those of an ideal trilayer. Consequently, the effect of extrinsic potential scattering for the FM↓ and AF conductance is rather small as compared to the strong intrinsic scattering at the interfaces. On the other hand, the effect of extrinsic defects dominates the FM↑ conductance where intrinsic scattering is negligibly small. In fact it is the FM↑ channel which is mostly responsible for the decrease of the GMR ratio with increasing spacer thickness. Essentially linear decrease of the FM↑ conductance as a function of the spacer thickness indicates the ohmic transport regime in this case which is easy to understand as the number of disordered layers increases with the spacer thickness in contrast to the previous case of interface interdiffusion. The above conclusions remain qualitatively the same for a Cu 50 Pd 50 case but the effect of disorder is larger as compared to a Cu 85 Pd 15 spacer.
Disorder in magnetic layers
The effect of alloying in the magnetic slabs on the magnetoresistance is shown in Figs. 7 15 case ͑Fig. 7͒ the GMR ratio quickly saturates at approximately half of the value for an ideal trilayer. The behavior of the partial conductances is similar to that for an interdiffused interface. Due to the similarity of the Co↑ and the Ni↑ bands at the Fermi energy the FM↑ conductance is nearly the same as for the ideal trilayer. Since the Co↓ bands are higher in energy as compared to the Ni↓ bands, alloying of Co with Ni decreases effectively the potential barrier height at the interface resulting thus in a larger transmission coefficient ͑con-ductance͒ as compared to the ideal trilayer. Consequently, the AF conductance of the alloyed magnetic layers is larger than for an ideal trilayer. The same effect, but much weaker, applies for the FM↓ conductance indicating dominating intrinsic scattering at interfaces for this channel. The behavior of Co 85 Cr 15 magnetic slabs is quite different ͑see Fig. 8͒ , because due to the antiparallel orientation of moments for Co and Cr sites, even the FM↑ conductance is influenced by disorder. In fact, in all channels the conductance is now approximately the same, causing the GMR ratio to be strongly suppressed.
IV. CONCLUSIONS
We have presented a systematic ab initio study of the influence of alloying in the spacer, magnetic layers, and at interfaces on the CPP transport in magnetic multilayers. The electronic structure is described by the TB-LMTO method while a Landauer-Büttiker-type approach formulated within the framework of surface Green's functions is used to evaluate transport properties. A generalization to noncollinear magnetic configurations, as would apply for a description of domain walls, was also studied.
We have considered a variety of magnetic multilayers based on the reference Co/Cu/Co͑001͒ trilayer system which exhibit various kinds of transport ranging from the ballistic regime to the diffusive regime. The results of the numerical calculations were discussed in terms of partial conductances of the ↑ and ↓ channels in the FM and the AF alignment. In general, the GMR ratio decreases with introducing impurities in different parts of the sample while the partial conductances may both increase or decrease due to disorder in layered systems. The present results seem to be valid for quite a few magnetic multilayer systems since the scattering at the magnetic/nonmagnetic interface in one spin channel can significantly be larger than in the other channel ͑similarly as for the Co/Cu interface studied here͒. We also discussed the effect of quantum oscillations of the magnetocurrent and quasiperiodicity in repeated multilayers. Extensive numerical tests seem to indicate that already 5ϫ5 supercells containing 25 atoms averaged over a limited number of random configurations ͑typically a configurational average over five different configurations was employed͒ give representative results for the CPP magnetoresistance. The present approach can also be generalized to the case of transport across a barrier of a different kind such as in semiconductor or transition-metal oxide tunneling junctions. 
APPENDIX: CONDUCTANCE
The orthogonal Hamiltonian given in Eq. ͑1͒ yields an accurate description of the electronic structure for most close-packed transition-metal systems but it is not short ranged. For a physically more transparent derivation of electric transport properties a less accurate ͑first-order͒ but shortranged Hamiltonian, 12, 31 defined as
represents a much better starting point. This Hamiltonian refers to the following approximation for the screened potential functions
where at a particular energy E, namely, at the Fermi energy E F of the system, the potential parameters C RL ␤, and ⌬ RL ␤, have to fulfill the following conditions ͓cf. Eqs. ͑3͒ and ͑A2͔͒: trilayers sandwiched by semi-infinite Cu leads as a function of the spacer thickness s: ͑a͒ magnetoresistance ratio ͑diamonds, ideal trilayer; triangles, alloyed magnetic slabs͒; ͑b͒ conductances per atom for the ferromagnetic ↑ spin ͑up triangles͒, ferromagnetic ↓ spin ͑down triangles͒, and antiferromagnetic configuration ͑diamonds͒. Full symbols refer to an ideal trilayer, empty symbols to a trilayer with alloyed magnetic layers.
The matrix elements of the operator of the z coordinate can be approximated within the TB-LMTO formalism as
where z R denotes the z coordinate of the center of the Rth Wigner-Seitz sphere. This approximation was used in previous TB-LMTO studies of electron transport 32, 33 and its more detailed discussion will be given elsewhere. 34 The short-ranged Hamiltonian given in Eq. ͑A1͒ can be written as a sum over k ʈ vectors. Let us consider the Hamilton operator of a quasi-one-dimensional system for a particular k ʈ vector ͑variable k ʈ is omitted here͒, where M is the number of layers which, in principle, has to be taken to infinity. Note that the interlayer distance d disappears due to the normalization. In the linear response regime the conductance for a particular channel (k ʈ ,) at an energy E can be expressed as In Eq. ͑A8͒ ͉␣͘ and ͉␤͘ are ͑orthonormalized͒ eigenstates of the Hamiltonian Ĥ , Eq. ͑A5͒. The double sum over the layer indices p and q in Eq. ͑A9͒ can be eliminated due to current conservation. 35 The layer indices p and q may then be chosen arbitrarily which yields where Tr denotes the trace over all lattice sites and angular momenta including the spin. The total conductance per two-dimensional elementary cell is then given by the Kubo-Greenwood formula as
where f (E) is the Fermi-Dirac function. At Tϭ0 the integration is trivial and all the quantities need to be evaluated only at the Fermi energy E F . The transmission probability T (k ʈ ,E) for the channel (k ʈ ,) at energy E reduces therefore to
͑ k ʈ ,z ͖͒. ͑A14͒
Here the indices ,ϭ1,2 are chosen such that z ϭEϩi␦ if ϭ1, z ϭEϪi␦ if ϭ2, where ␦ is a small positive constant, and similar relations apply for z . All quantities in Eq. ͑A14͒ are matrices with respect to angular momentum indices L,LЈ and tr denotes the trace over angular momenta. At this stage, by setting pϭqϭ0 one can directly retrieve the expression for conductance given by Mathon et al.
